 Na-exchanged barrerite was found to be monoclinic (F2/m) similarly to stilbite  D phase did not occur under dry (RH = 0) experimental conditions  D phase of Na-exchanged barrerite was determined by ex-situ experiment  A precursor model from B to D phase is suggested 
Introduction 25
Barrerite with idealized chemical formula Na 16 O triplequantum magic-angle spinning nuclear magnetic 39 resonance (3QMAS NMR) natural stilbite contains even significant concentrations of Al-O-Al 40 linkages [16] . However, local Si/Al order was proposed for stilbite to explain small deviations from 41 monoclinic symmetry [17] . Several stilbite crystals (from different localities) exhibit optical symmetry 42 lower than that determined by X-ray diffraction [17] . This is explained by growth sectors of different 43 symmetry. The relation between the orthorhombic and monoclinic sectors was interpreted by variable 44 rotational order-disorder of framework tetrahedra occurring during crystal growth [17] .
45
The exchange properties of stilbite, stellerite, and barrerite were investigated by Passaglia 46 (1980) [18] and the role of the exchangeable cations on the heating behavior was explored. Crystal 47 chemical and structural studies [19, 3, 5] demonstrated that repulsive action of the Na ions is 48 responsible for the reduction of symmetry. Stellerite and barrerite show almost the same Si/Al ratio, 49 therefore stellerite (Fmmm) crystals that were exchanged with Na ions should transform to space 50 group Amma (the space group of barrerite). However, this assumption was not confirmed by the 51 structural analysis of a completely Na-exchanged stellerite sample, which maintained the original 52
Fmmm symmetry [20] . ND 4 -and NH 4 -exchanged forms of barrerite adopt the same symmetry of 53 stellerite, Fmmm [21, 22] . Similarly, when barrerite crystals are completely exchanged with Ca, the 54 topological Fmmm symmetry resulted [23] .
55
The dehydration behavior of barrerite was investigated by X-ray diffraction techniques and 56 mainly described as a two-step process: transformation from phase A to phase B at ca. 250°C and 57 additional structural change to phase D at ca. these structures collapse and turn X-ray amorphous [7] .
65
In this study we investigated the dehydration process of a natural sample of barrerite by in-situ 66 single crystal X-ray diffraction under dry conditions. In addition, a crystal belonging to the same 67 sample was exchanged with NaCl solution in order to obtain a pure Na endmember of barrerite (Na-68 barrerite), on which another set of X-ray experiments was performed from RT to 450°C. Our aim is to 69 compare these new results with those obtained by in situ synchrotron X-ray powder diffraction 70 (XRPD) [26] and to determine whether differences occur in dehydration behavior of endmember Na-71 barrerite. 72 73
Experimental methods 74

Chemical analyses 75
The sample of barrerite used in the present study is from Rocky Pass, Kuiu Island, Alaska In order to obtain a pure Na endmember of barrerite additional crystals of barrerite with 87 dimension ranging from 0.10 to 0.50 mm were placed in a Teflon lined autoclave filled with 2 M NaCl 88 solution for 2 weeks at 100(5)°C. The NaCl solution was renewed every three days. The Na-89 exchanged barrerite was qualitatively analyzed by a scanning electron microscope (SEM). 90 91
Single crystal X-ray diffraction 92
The crystal structure of barrerite was investigated by single-crystal X-ray diffraction 93 (SCXRD) using a BRUKER APEXII diffractometer with a MoK radiation ( = 0.71073 Å) and a 94 CCD area detector. The selected crystal (size ca. 0.35 x 0.40 x 0.25 mm) was glued on the tip of a 95 glass fiber mounted on a goniometer head. The dehydration process was investigated from RT to 96 500°C using a self-constructed temperature controlled N 2 -blower. The temperature was increased in 97 steps of 25°C and before starting the data collection the sample was let equilibrated for ca. 40 minutes.
98
Under these experimental conditions the crystal was continuously exposed to a dry N 2 atmosphere 99 (RH = 0). Each data collection lasted ca. 8 hours. The data were integrated and an empirical absorption 100 correction was applied using the Apex 2v. 2011. Another Na-exchanged crystal (size ca. 0.20 x 0.10 x 0.15 mm) of barrerite was heated ex situ 129 at 525°C in order to investigate a possible transformation to the D phase reported for natural barrerite.
130
Under this experimental conditions the sample was not exposed to dry conditions but heated in air.
131
The crystal was gradually heated (65°C/h) up to 525°C. This temperature was kept for ca. 4 h and then 132 the crystal was let cool down for ca. 2 h before starting the data collection. (Table 3) . Coordinates of this barrerite structure at room 139 temperature and corresponding bond-length distances are reported in Tables S1 and S2 , respectively. 140
Structural data for natural barrerite at 150 and 275°C are shown in Table S3 and S4. Table 4 displays 141 structure parameters of Na-exchanged barrerite at room temperature. Results of structure refinements 142 of the B-phase at 150°C and at 350°C are summarized in Tables S5 and S6 , respectively, and those of 143 the ex-situ D-phase (produced at 525°C) in Table S8 . The dehydration process started at 50°C and proceeded up to 275°C. In this temperature range 154 the transition from the A to the B phase was observed and the unit-cell volume decreased from 155 4409.8(3) Å 3 at 25°C to 3738.66(15) Å 3 at 275°C (Fig.1 ). This reduction of volume was accompanied 156
by the total loss of the original water content (55.6 H 2 O) at 275°C. The structural transformations 157 affecting barrerite in this first dehydration step mainly involved the rotation of the SBUs leading to a 158 more elliptical shape of the channel cross-sections ( Fig. 2) . At 150°C new electron-density peaks 159 appeared in difference Fourier maps close to oxygen-framework atoms of the triangular basis of the 160 SiO 4 tetrahedra (Table S3 ). These peaks corresponded to low-occupied new tetrahedral Si, Al sites 161 occurring as a consequence of the T-O-T breaking. At 200°C, in addition to the new T centers, a new 162 oxygen site (OD) was found representing the alternate tetrahedral apex linking the new T1D and T4D 163 tetrahedra. The occupancy of these new sites progressively increased with temperature while the 164 occupancy of the original sites decreased until at 275°C both were half occupied and the B phase 165
reported by Alberti and Vezzalini [24] was obtained (Table S4) . This process has to be regarded as a 166 gradual transition from the Amma room temperature structure to the Amma contracted B phase at 167 275°C, during which Si, Al atoms migrated toward the new positions in a disordered fashion.
168
At 300°C the so called face-sharing tetrahedra remained half occupied by Si, Al. Upon further 169 heating up to 500°C the structure did not undergo additional significant modification preserving space 170 group Amma. Transformation to the D phase was not observed. 171 172
Na-barrerite 173
Complete Na-exchange was confirmed (absence of Ca and K) by qualitative energy dispersive 174 analysis using a scanning electron microscope (SEM). The crystal structure of the Na-barrerite sample 175 at room temperature was solved and successfully refined in the monoclinic space group F2/m ( Table  176 4), similar to the structure of the stilbite. The monoclinic angle,  = 90.429(1)°, is close to that 177 reported for natural stilbite [8, 9] . The STI type framework-topology is maintained but the symmetry 178 lowered to monoclinic (Fig. 3) . The investigated sample showed a strong orthorhombic pseudo-179 symmetry Cmcm (Amma). However, we tested different crystals and all the data sets exhibited an 180 angle β = 90.2-90.5°. The data were collected with high redundancy (8 for orthorhombic and 4 for 181 monoclinic) and in orthorhombic symmetry the final R int (0.0796) value was larger than R σ (0.0531), 182 whereas in monoclinic R int (0.0501) was similar to R σ (0.0569). This discrepancy became enhanced at 183 higher temperatures. 184
Moreover, choice of Amma symmetry (for test purposes) at elevated temperature indicated few 185 significant systematic absence violations (a glide) and more important an extended list of inconsistent 186 equivalent F obs values. Corresponding discrepancies were not seen in monoclinic refinements.
187
The dehydration behavior proceeded via a similar trend as observed for the natural sample. As 188 shown in Figure 1 the decrease of the unit-cell volume (from V = 4407.12(14) Å 3 at RT to V = 189 3742.42(17) Å 3 at 450°C) upon heating and the associated release of water was very similar for both 190 barrerite samples. Nevertheless, as soon as the dehydration started at 50°C the structure of the Na-191 barrerite changed Bravais centering from F2/m to A2/m with corresponding cell setting and volume.
192
The A2/m space group was preserved up to 450°C. The gradual transformation to the B phase 193 accompanied by formation of disordered "face-sharing" tetrahedra started at 150°C at which the 194 monoclinic B phase is characterized by rupture of two T-O-T connections, T1M-O3-T4M and T4-O5-195 T2, though related by pseudo-symmetry (Table S5) . Surprisingly, the occupancies of the new T sites 196 (T1MD, T4MD connected by OD2 and T4D, T2D connected by OD1) converged at 350°C to 1/3 and 197 2/3, respectively (Table S6) (Fig. 4) .
211
The structure ( remains unchanged with temperature. In our study, the change from A to B phase of barrerite is 222 described by a gradual transition due to progressive rupture of the T-O-T bridges. The percentage of 223 broken T-O-T bridges increases as a function of temperature from 150°C to 275°C until it reaches 224 50%. Only after this value is achieved the occupancy of T sites remains unvaried up to 500°C.
225
The different kinetics, due to experimental set-up, resulted in our data a shift of the structural 226 transformations toward lower temperatures compared to XRPD experiments (Fig. 1 ). This is a well-227 known effect [33, 34] that non-equilibrium experiments (XRPD) show a larger unit cell associated to 228 the dehydration steps compared to equilibrated experiments (SCXRD). Surprisingly, the trend is 229 inverted above 300°C. The volume change observed in our experiments reaches a plateau above 230 
sites involved in formation of new T-O-T connections. 258
This result is also corroborated by the independently refined atomic displacement parameters of these 259 sites, which converged to very similar values. The same test (refinement without constraints) was 260 performed on the oxygen site of the new tetrahedral apex (OD). The refined occupancy and values of 261 atomic displacement parameters confirmed that the OD site is always shared by the two tetrahedral 262 sites (T1D and T4D), excluding significant T-OH groups in our B phase. Thus, the dry conditions in 263 our experiments may even have prevented formation of terminating T-OH groups.
264
An interesting conclusion can be drawn concerning this point. If OH groups do not form under 265 our experimental conditions, the B phase that we observed is actually different form that analyzed 266 under ambient conditions (mainly relative humidity higher than 0) in previous studies [24, 27] .
267
Assuming that the D phase arises only as a consequence of the function and subsequent loss of OH 268 groups from B phase [24], our dry conditions also explain why we did not observe the D phase up to 269 500°C in the in situ experiments. The idea that our B phase is not hydroxylated is also supported by 270 the constant volume observed from 275 to 500°C (Fig. 1) .
Curing of T-OH terminations to T-O-T 271
connections would lead to increasing condensation associated with a decrease of volume. The reinvestigation of the D phase suggested a different idealized B phase, as a precursor 288 model, compared to that previously reported [25] . In the latter model, complete migration from 289 original to new tetrahedral sites is assumed whereas in our model 50% of each new (T1D and T4D The resulting precursor phase is assumed to have 50% of the new tetrahedra and 50% of the original 303 tetrahedra fully occupied in an ordered fashion (Fig. 5a,b) . In a second step, this precursor phase 304 transforms to the D phase when additional tetrahedra flip inside the 8-ring channels forming new 305 linkages. Thus the channels become occluded and the new condensed structure (Fig. 5c) 
Considerations on the memory effect of the STI framework type 315
Our results demonstrate the sensitivity of the STI framework-type to the content of EF 316 cations. If the symmetry of a STI framework-type mineral is only governed by the EF cations and the 317 associated H 2 O molecules, Na-exchanged end-members of stellerite, stilbite, and barrerite should be 318 symmetrically identical. Otherwise a memory effect (e.g. by slightly different Si, Al distributions) of 319 the framework must be considered as origin of different symmetry of Na-exchanged members.
320
Passaglia and Sacerdoti [20] investigated a completely Na-exchanged stellerite, demonstrating 321 that the framework preserved the space group Fmmm of the original stellerite crystal and did not adopt 322
Amma symmetry assumed for barrerite. At the first glance this finding would support existence of a 323 framework memory-effect. However, our new results showing F2/m symmetry for Na-exchanged 324 barrerite offer a different interpretation. Due to the topological Fmmm symmetry of the STI 325 framework type, differences between Fmmm and F2/m are difficult to resolve if the β angle is very 326 close to 90°. In our study, the difference between Fmmm and F2/m symmetry became mainly apparent 327 after collecting intensity data with high redundancy. Based on the internal agreement factors of 328 symmetry equivalent reflections, the intensity distribution is in agreement with F2/m but not with 329
Fmmm symmetry. Passaglia and Sacerdoti [20] essentially collected a unique data set for F-centered 330 orthorhombic setting as customary for diffractometers equipped with a point counter about 35 years 331 ago. We suppose that with the limited data they could not detect the lower symmetry. In addition, their 332
main intention was to demonstrate that the F-centered lattice was in contrast to A-centering expected 333 by them. This also confirmed by our structure refinements on Na-barrerite at RT. 334 Na-exchanged stilbite [37] showed an X-ray diffraction powder-pattern similar to stilbite 335 (F2/m) but the symmetry was not thoroughly investigated. Synthetic barrerite [38] produced an X-ray 336 powder pattern, which was only qualitatively evaluated to be in agreement with natural barrerite 337 (Amma). Thus none of the previous reports could provide a convincing answer on the true symmetry 338 of the fully hydrated Na-endmember with STI framework type. We currently produce Na-exchanged 339 stellerite crystals to test by new structure refinements whether assumption of the memory effect of the 340 STI framework-type can be maintained. 341 342 Table 1a .
Crystal data and refinement parameters for natural barrerite at room temperature (RT), 150°C (RH = 0), and 275°C (RH = 0). *not refined
